REPORT  DOCUMENTATION  PAGE 


Form  Approved  OMB  NO.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions, 
searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments 
regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggesstions  for  reducing  this  burden,  to  Washington 
Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington  VA,  22202-4302. 
Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  oenalty  for  failing  to  comply  with  a  collection 
of  information  if  it  does  not  display  a  currently  valid  OMB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 
611102 


5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 


12.  DISTRIBUTION  AVA1LIBILITY  STATEMENT 
Approved  for  Public  Release;  Distribution  Unlimited 

13.  SUPPLEMENTARY  NOTES 
The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  contrued  as  an  official  Department 
of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other  documentation. 

14.  ABSTRACT 

This  work  studied  the  relationship  between  light  scattered  by  particles  of  any  shape  and  the  interior  field  of  that 
particle.  We  discovered  a  new  parameter,  the  “internal  coupling  parameter”,  and  we  showed  that  it  governs  the  role 
of  the  internal  field  to  yield  the  external,  scattered  field  and  thereby  is  a  unifying  parameter  to  describe  scattering 
by  any  particle  shape.  We  also  found  another  new  parameter  that  can  identify  when  the  imaginary  part  of  the 
refractive  index  makes  a  significant  effect  on  the  scattering.  These  theoretical  advances  helped  us  plan  and  interpret 

15.  SUBJECT  TERMS 
light  scattering,  interior  fields 

17.  LIMITATION  OF  1 15.  NUMBER 
ABSTRACT  OF  PAGES 

UU 

Standard  Fonn  298  (Rev  8/98) 
Prescribed  by  ANSI  Std.  Z39.18 


19a.  NAME  OF  RESPONSIBLE  PERSON 

Christopher  Sorensen _ 

19b.  TELEPHONE  NUMBER 

785-532-1626 


16.  SECURITY  CLASSIFICATION  OF: 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

UU 

UU 

UU 

7.  PERFORMING  ORGANIZATION  NAMES  AND  ADDRESSES 

Kansas  State  University 
2  Fairchild  Hall 
1601  Vattier  Street 

Manhattan,  KS _ 66506  -1103 _ 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS 
(ES) 

U.S.  Army  Research  Office 
P.O.Box  12211 

Research  Triangle  Park,  NC  27709-2211 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 
ARO 

11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

65501-EV-II.8 


5d.  PROJECT  NUMBER 


3.  DATES  COVERED  (From  -  To) 

7-Jul-2014  -  6-Apr-2015 

5a.  CONTRACT  NUMBER 

W91  INF-14-1-0352 


2.  REPORT  TYPE 

Final  Report 

4.  TITLE  AND  SUBTITLE  . 

Final  Report;  Q-space  Scattering  Power  Laws  and  the  Interior 
Fields  of  Particles 


6.  AUTHORS 
Christopher  M.  Sorensen 


1.  REPORT  DATE  (DD-MM-YYYY) 

12-02-2016 


Report  Title 

Final  Report:  Q-space  Scattering  Power  Laws  and  the  Interior  Fields  of  Particles 

ABSTRACT 

This  work  studied  the  relationship  between  light  scattered  by  particles  of  any  shape  and  the  interior  field  of  that  particle.  We  discovered  a 
new  parameter,  the  “internal  coupling  parameter”,  and  we  showed  that  it  governs  the  role  of  the  internal  field  to  yield  the  external,  scattered 
field  and  thereby  is  a  unifying  parameter  to  describe  scattering  by  any  particle  shape.  We  also  found  another  new  parameter  that  can  identify 
when  the  imaginary  part  of  the  refractive  index  makes  a  significant  effect  on  the  scattering.  These  theoretical  advances  helped  us  plan  and 
interpret  experimental  studies.  The  experimental  work  demonstrated  the  importance  of  small  angle  scattering  for  large  particles  which  has 
been  ignored  in  previous  experimental  works  by  others.  It  discovered  an  empirical  trend  in  the  power  law  exponents  seen  with  Q-space 
analysis  with  the  internal  coupling  parameter.  We  also  performed  a  theoretical  study  of  light  scattering  by  Gaussian  random  spheres,  which 
mimic  dusts,  and  found  similar  power  law  exponent  trends  with  the  internal  coupling  parameter.  In  summary,  significant  advances  were 
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Statement  of  the  Problem  Studied 

This  work  studied  the  relationship  between  light  scattered  by  particles  of  any  shape  and 
the  interior  field  of  that  particle.  We  discovered  a  new  parameter,  the  “internal  coupling 
parameter”,  and  we  showed  that  it  governs  the  role  of  the  internal  field  to  yield  the  external, 
scattered  field  and  thereby  is  a  unifying  parameter  to  describe  scattering  by  any  particle  shape. 
We  also  found  another  new  parameter  that  can  identify  when  the  imaginary  part  of  the  refractive 
index  makes  a  significant  effect  on  the  scattering.  These  theoretical  advances  helped  us  plan  and 
interpret  experimental  studies.  The  experimental  work  demonstrated  the  importance  of  small 
angle  scattering  for  large  particles  which  has  been  ignored  in  previous  experimental  works  by 
others.  It  discovered  an  empirical  trend  in  the  power  law  exponents  seen  with  Q-space  analysis 
with  the  internal  coupling  parameter.  We  also  performed  a  theoretical  study  of  light  scattering  by 
Gaussian  random  spheres,  which  mimic  dusts,  and  found  similar  power  law  exponent  trends  with 
the  internal  coupling  parameter.  In  summary,  significant  advances  were  made  to  understand  the 
physical  mechanism  of  light  scattering  and  to  quantitatively  describe  and  parameterize  scattering 
by  any  shape. 

Summary  of  the  Most  Important  Results 

This  work  proposed  to  investigate  why  light  scattering  angular  intensity  patterns  for  a 
wide  variety  of  particle  shapes  display  power  law  functionalities  with  the  scattering  wave  vector 
q.  We  hypothesized  that  this  occurs  because  the  interior  field  is  in  some  manner  power  law 
distributed  in  real  space.  To  test  this  hypothesis  numerical  solutions  of  the  Mie  equations  for 
spheres  and  the  DDA  algorithm  for  other  shapes  were  used  to  calculate  both  the  interior  and 
exterior  (scattered)  fields.  The  strategy  was  to  start  at  the  diffraction  limit  where  the  phase  shift 
parameter  p  «  1  and  the  interior  field  is  the  incident  field,  and  its  Fourier  transform  is  directly 
related  to  the  scattered  field.  Then  we  progressively  increased  p  to  watch  the  interior  and 
scattered  fields  evolve.  Significant  progress  was  made  for  understanding  the  properties  of  the 
internal  field  and  the  consequences  for  the  scattered  field  were  made  during  the  project  period. 
Three  papers  were  published  [1-3],  two  are  accepted  for  publication  [4,5],  and  two  are  being 
written  [6,7].  The  hypothesis  that  the  internal  field  was  in  some  manner  power  law  distributed 
was  shown  to  be  false.  However,  in  our  studies  of  the  scattering  as  a  function  of  the  phase  shift 
parameter  we  discovered  a  better  parameter  that  replaces  it.  This  is  central  to  the  goal  of  the 
project.  We  call  the  new  parameter  the  “internal  coupling  parameter”  and  we  showed  that  it 
governs  the  role  of  the  internal  field  to  yield  the  external,  scattered  field  [1].  This  parameter  was 
inferred  by  the  requirement  that  the  scattering  by  a  three  dimensional  sphere,  which  is  described 
by  the  Mie  formulation,  must  cross  over  to  simple,  two  dimensional,  Fraunhofer  diffraction  by  a 
circular  aperture  in  the  limit  of  large  and  refractive  spheres.  Examination  of  this  crossover  was 
greatly  facilitated  by  our  concept  and  application  of  Q-space  analysis.  Q-space  analysis  studies 
the  scattered  intensity,  I,  not  as  a  function  of  the  scattering  angle  0  as  is  conventionally  done,  but 


rather  as  a  function  of  the  magnitude  of  the  scattering  wave  vector  q.  Subsequently,  we  studied 
spherical  particle  scattering  as  described  by  the  Mie  equations  for  refractive  indices  that  have 
both  real  and  imaginary  parts  [2].  We  found  another  new  parameter  that  can  identify  when  the 
imaginary  part  of  the  refractive  index  makes  a  significant  effect  on  the  scattering.  We  showed 
that  a  significant  effect  occurs  when  the  interior  field  is  confined  to  the  forward  facing  “cap”  of 
the  particle  with  thickness  equal  to  the  well-known  optical  skin  depth.  For  a  given  relative  skin 
depth  universal  scattering  occurs. 

These  theoretical  advances  helped  us  plan  and  interpret  experimental  studies  to  the  extent 
that  we  acknowledged  support  from  ARO  in  those  papers.  The  experiments  were  performed  with 
two  new  apparatuses  that:  1)  allowed  for  detection  of  scattered  light  simultaneously  over  a  broad 
range  of  scattering  angles  including  very  small  angles  down  to  0.3°,  [3,  6]  and  2)  detected  light 
in  the  direct  backscattering  direction  0  =  180°  ±  7°  [7].  With  this  Q-space  perspective,  a  number 
of  related  results  were  discovered.  The  experimental  work  demonstrated  the  importance  of  small 
angle  scattering  for  large  particles  which  has  been  ignored  in  previous  experimental  works  by 
others.  It  discovered  an  empirical  trend  in  the  power  law  exponents  seen  with  Q-space  analysis 
with  the  internal  coupling  parameter  [4]  that  will  need  theoretical  explanation.  We  also 
performed  a  theoretical  study  of  light  scattering  by  Gaussian  random  spheres,  which  mimic 
dusts,  and  found  similar  power  law  exponent  trends  with  the  internal  coupling  parameter  [5] 
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